The DFT calculations were performed using the Vienna ab initio Simulation Package (VASP). 1,2 Projected augmented wave (PAW) 3 pseudopotentials were employed with the following electrons treated explicitly: H (1s 1 ), C (2s 2 2p 2 ), N (2s 2 2p 3 ), K (3s 2 3p 6 4s 1 ), Bi (5d 10 6s 2 6p 3 ), Tl (5d 10 6s 2 6p 1 ), Cu (3p 6 3d 10 4s 1 ), Ag (4p 6 4d 10 5s 1 ), Pb (5d 10 6s 2 6p 2 ), Cl (3s 2 3p 5 ), Br (4s 2 4p 5 ) and I (5s 2 5p 5 ). The non-local van der Waals density functional (vdW-DF) 4 was used with the exchange-correlation energy calculated as , where the
Choice of space group for calculations
We chose to perform all our calculations in rather than for three important ̅ 3 ̅ 3 reasons: (i) The rhombohedral space group is adopted by one of the lower temperature forms of the hybrid double perovskites and was observed experimentally at room temperature in our previous work on (MA) 2 KBiCl 6 [ref. 19] ; furthermore, we know that this phase becomes cubic on heating above room temperature; (ii) The B I -X-B III angles can be varied in ̅ 3 whereas they are fixed by symmetry in ; for example, B I -X-B III is calculated to ̅ 3 ̅ 3 be 174° for (MA) 2 TlBiBr 6 in symmetry whereas it must be held at 180° in . This ̅ 3 ̅ 3 is important because it has been shown in many papers (e.g. Nano Lett. 14.6 (2014 ): 3608-3616, Nat. Comm. 5 (2014 : 5757) that the electronic band gap depends significantly on the B-X-B angles connecting the inorganic octahedra; (iii) The use of fixes the orientation ̅ 3 of the MA cation whereas it is disordered and very difficult to model in . We note that ̅ 3 the new phase (MA) 2 TlBiBr 6 is cubic with symmetry at room temperature but that the ̅ 3 DSC curve ( Figure S15 ) shows two phase transitions at lower temperatures. It is reasonable to expect that one of the resulting structures has symmetry based on our earlier work on ̅ 3 (MA) 2 KBiCl 6 [ref. 19] .
Thus the assumption of symmetry in the present calculations is well justified and, ̅ 3 furthermore, allows trends in behavior to be studied when the chemistry is changed but the symmetry is not. This is supported by the fact that the calculations agree well with our experimental measurements for the trend in band gaps and Young's moduli.
Figure S1
Computed lattice constants, equilibrium volumes and c/a ratios of (MA) 2 B I B III X 6 as a function of the radius of anion X. 
Notes on the computed Young's moduli
For (MA) 2 KBiX 6 , (MA) 2 TlBiX 6 and MAPbX 3 , the maximum and minimum values lie along B-X bond directions and the diagonal of the B-X cage, respectively. However, for (MA) 2 AgBiX 6 (and (MA) 2 CuBiI 6 not shown) these maxima and minima reverse directions. This can be explained in terms of the incompressibility of the MA + cation and the Goldschmidt tolerance factors (see Table S8 ). 6 Previous experimental studies on MAPbCl 3 showed that the most rigid component of the structure is the MA + cation rather than the PbCl 6 octahedra. 7 Also, as Figure S2 shows, when incorporating different X and B I ions, most bond lengths change by around 0.3 ~ 0.4 Å whereas the change in C-N bond length is much smaller at less than 0.01 Å. The tolerance factor for (MA) 2 AgBiX 6 is relatively large, implying that the B I XB III framework is too small for the MA + cation. Therefore, because MA + is incompressible and the framework is too small, when applying strains, the intramolecular interactions between MA + and the framework either make MA + rotate, or compress the C-N, C-H or N-H bonds, inducing a large change in stress. The MA + rotations result in the nonlinear stress-strain relationship found in the calculations for those structures with large tolerance factors, and the bond compressions make the Young's moduli along the C-N, C-H or N-H directions exhibit a maximum. 
Notes on Figure S13
In order to understand why (MA) 2 AgBiX 6 and (MA) 2 CuBiX 6 exhibit an indirect band gap while other compositions have a direct band gap, we take (MA) 2 AgBiI 6 and (MA) 2 TlBiI 6 as examples and analyze their band decomposed charge densities near the band edges. These are shown in Figure S13 where three high symmetry k-points, Γ (VBM and CBM of (MA) 2 TlBiI 6 ), M (VBM of (MA) 2 AgBiI 6 ) and L (CBM of (MA) 2 AgBiI 6 ) are considered. Note that Ag + and Tl + differ fundamentally in that the latter has two valence electrons in the 6s orbital.
For (MA) 2 AgBiI 6 , the VB edge states consist mostly of Ag-4d and I-5p anti-bonding states whereas the CB edge states have contributions from Ag-5s and I-5p bonding states plus Bi-6p and I-5p anti-bonding states. In the VB, at M and L, the Ag-4d and I-5p states (pictured with black arrows) are aligned in the same direction while at Γ the states are not aligned in the same direction, and this orbital orientation makes the energy of the anti-bonding states at M and L higher than at Γ. In addition, at M there is more electron density than at L for the antibonding states (this is seen from the wave function characters not shown here), so the states at M have the highest energy. Therefore the VBM is located at M instead of Γ or L. In the CB, the orientation of the Bi-6p orbitals at M are more parallel to the Ag-I-Bi direction (shown as dashed lines) than Γ or L, making the energy of the anti-bonding states at L the lowest. Hence, the CBM is at L.
For (MA) 2 TlBiI 6 , the VB edge states consist mostly Tl-6s and I-5p anti-bonding states plus the anti-bonding states of Bi-6s and I-5p whereas the CB edge states have contributions from Tl-6s and I-5p bonding states plus the anti-bonding states of Bi-6p and I-5p. In the VB, the contribution from Bi-6s states is higher at Γ than at M or L, leading to a stronger anti-bonding interaction, which results in the highest energy anti-bonding state at Γ. In the CB, the contributions from Tl-6s,6p and I-5p states at Γ are higher than at M and L, and the orientation of the Bi-6p orbital at Γ is more perpendicular to the Tl-I-Bi direction (shown as dashed lines) than the corresponding orbitals at M. Also at Γ there is a stronger contribution from Tl-6s,6p and I-5p bonding states than at L. Thus, altogether, the energy at Γ is much lower than at M or L in the CB. Hence both the CBM and the VBM are located at Γ.
In summary, specific orbital interactions introduced by the different elements result in energy shifts at different k-points in the band structures, making (MA) 2 AgBiX 6 and (MA) 2 CuBiX 6 indirect band gap materials while others are direct band gap materials.
Figure S14 (a) Crystal structure of (MA) 2 TlBiBr 6 obtained from single crystal X-ray diffraction. TlBr 6 and BiBr 6 octahedra are grey and purple respectively. MA + cation is shown as the electron density (b) the shape of the electron density and (c) MA + cation is modeled as the octahedron inside the cavity with restrained C-N bond length 1.4 Å. 
Experimental details
The starting material MABr was prepared by mixing stoichiometric amount of methylamine solution (40wt% in H 2 O) and HCl (37% in H 2 O) at 0°C, heated at 60°C to dryness, then washing with acetone and drying overnight in vacuum oven.
Crystal structure determination was carried out using an Oxford Gemini E Ultra diffractometer, Mo Kα radiation (λ = 0.71073Å), equipped with an Eos CCD detector. Data collection and reduction were conducted using CrysAliPro (Agilent Technologies). An empirical absorption correction was applied with the Olex2 platform, 8 
